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Exploring low-loss two-dimensional plasmon modes is considered central for achieving light ma-
nipulation at the nanoscale and applications in plasmonic science and technology. In this context,
pump-probe spectroscopy is a powerful tool for investigating these collective modes and the cor-
responding energy transfer processes. Here, I present a first-principles study on non-equilibrium
Dirac plasmon in graphene, wherein damping channels under ultrafast conditions are still not fully
explored. The laser-induced blueshift of plasmon energy is explained in terms of thermal increase
of the electron-hole pair concentration in the intraband channel. Interestingly, while damping path-
ways of the equilibrium graphene plasmon are entirely ruled by scatterings with acoustic phonons,
the photoinduced plasmon predominantly transfers its energy to the strongly coupled hot optical
phonons, which explains the experimentally-observed tenfold increase of the plasmon linewidth.
The present study paves the way for an in-depth theoretical comprehension of plasmon temporal
dynamics in novel two-dimensional systems and heterostructures.
Understanding, and thus mastering, the temporal dy-
namics of charge carriers in graphene and related quasi-
two-dimensional materials is pivotal, but highly challeng-
ing task in material science. Many recent studies were
devoted to explore the time evolution of the laser-excited
electrons by means of time-resolved photoemission [1–5]
and pump-probe optical absorption spectroscopies [6–13]
in graphene and graphite in order to reach the aforesaid
goal. Precise time scales of ultrafast electron interactions
were extracted, in particular, electron-electron scattering
was shown to rule the dynamics below, while the coupling
with the optical phonons (OP) above ∼ 50 fs [1, 3–6].
However, underlying microscopic processes still remain
largely unexplored, mostly due to a lack of accompany-
ing first-principles methodology that can quantitatively
capture these features.
Photoinduced plasmon excitation, i.e., collective elec-
tron oscillations under highly nonequilibrium condi-
tion, [14, 15] is one such ultrafast phenomena that re-
quires further insights. In graphene and graphene-based
heterostructures, two-dimensional plasmons show quite
exceptional features, e.g., electrical tunability [16, 17]
and low losses [18–20], making these materials promis-
ing building blocks for optoelectronic and plasmonic de-
vices. Recently, the relaxation dynamics of laser-induced
graphene plasmon was monitored with unprecedented
temporal and spatial resolution by using antenna-based
near-field nanoscopy [21, 22]. High electron temperatures
achieved in these experiments are increasing the energy
of graphene plasmon while concurrently increasing (de-
creasing) its linewidth (lifetime) [22]. The former was ex-
plained in terms of increase of the Drude weight, or equiv-
alently increase of thermally excited electron-hole pairs,
with elevated electron temperature, while the origin of
the latter remains unresolved. Since the relaxation of
equilibrium graphene plasmon was shown to be governed
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by the electron-phonon coupling [19, 20, 23, 24], mainly
coupling with graphene acoustic phonons (AP) [19, 20,
23], it was speculated that the enhanced plasmon decay
under non-equilibrium condition has the same origin [22].
However, projecting conclusions from the equilibrium sit-
uation might be premature, considering highly disparate
thermal conditions in the two cases, but also having in
mind the results extracted from time-resolved photoemis-
sion and optical absorption experiments where OP were
proven to play a key role in relaxation processes [1, 3, 6].
In this Letter, I investigate the dynamics of
laser-excited plasmon in lightly-doped graphene under
nonequilibrium conditions by means of the robust ab ini-
tio methodology. The work conjoins the electron-phonon
coupling theory and the Coulomb screening in ran-
dom phase approximation to capture the temperature-
dependent plasmon decay due to phonons [24–26], while
the nonequilibrium electron and phonon temperatures
are simulated within the effective temperature model [27–
31]. I show, in agreement with previous reports [19, 20,
23], that graphene plasmon under equilibrium conditions
(i.e., when electrons and phonons are thermalized) is
predominantly decaying due to scattering with the AP.
In particular, the obtained temperature dependence of
the plasmon decay rate due to coupling with AP shows
very good agreement with recent measurements done on
high-mobility graphene [20]. However, the situation is
drastically different for nonequilibrium conditions, where
the majority of the laser-induced excess electron energy
is transferred to the strongly coupled OP, creating hot
phonon bath [6]. In this case, the results show that the
low-energy plasmons (i.e., at ∼ 0.1 eV), usually explored
in the experiments [20–22], are mostly coupled to the hot
OP, which is in contrast to the current belief [22]. The
latter interaction is consequently responsible for the large
time-dependent modifications of plasmon broadening. In
addition, the laser excitation increases the phase space
for the interband transitions (i.e., Landau damping),
which in turn enhance the plasmon decay rate at higher
energies (i.e., around 0.2 eV). Finally, the experimentally-
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FIG. 1. (a) Electron and (b) phonon band structures of lightly
hole-doped graphene. Dashed red line in (a) is the Fermi
level, while the shaded brown area schematically represents
the skewed electron distribution for finite electron tempera-
ture. Green and black dashed lines in panel (b) are Eliashberg
function and phonon density of states, respectively. Red and
blue colors depict the Bose-Einstein distribution of phonon
modes at finite phonon temperature. (c) Plasmon dispersion
in graphene for Fermi energy εF = −250 meV (blue circles).
Blue and light blue regions are the intraband and interband
excitations regions, respectively. The phase space where plas-
mon couples only to acoustic (light orange) as well as both
acoustic and optical (orange) phonon modes is shown as well.
observed ultrafast blueshift of plasmon energy is shown to
be induced by the transient increase of the electron-hole
pair exctations in the intraband channel (i.e., increase of
the Drude weight). All in all, I believe that the ab initio
methodology and conclusions outlined here will be useful
not only for comprehending the interplay of plasmon and
phonon dynamics in graphene, but as well in other simi-
lar systems hosting a two-dimensional plasmon [32, 33].
Ultrafast electron dynamics is explored here for the
hole-doped graphene where the Fermi energy is εF =
−250 meV, as it is the case, e.g., for graphene adsorbed
on SiC surface [1] (note that the conclusions of the paper
would be the same for lightly electron-doped graphene
as in the graphene/SiO2 system [22] due to electron-hole
symmetry in the low-energy region of band structure).
The corresponding electron and phonon band structures
are shown in Figs. 1(a) and 1(b) (see SI for computational
details). Additionally, Fig. 1(b) shows the results for
the Eliashberg function that measures the degree of the
electron-phonon coupling with energy resolution. As is
well know [34], electrons are strongly coupled to OP at K
and Γ point of the Brillouin zone, i.e., ω & 0.16 eV where
Eliashberg function shows two prominent peaks, while
only weakly coupled to the rest of the modes (mostly low-
energy AP). Accordingly, the plasmon excitations below
0.16 eV are weakly coupled to AP [23], while at higher en-
ergies plasmon decay is mostly due to the strong coupling
with OP [24]. The graphene plasmon dispersion ωpl and
the corresponding decay regions are shown in Fig. 1(c).
Figures 2(a) and 2(b) further depict the energy renor-
malization 1 + λep(ω) and decay rate γep(ω), respec-
tively, of the electron-hole pairs due to coupling with
phonons as a function of temperature [25, 35–37]. These
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FIG. 2. (a) Energy renormalization 1 + λep(ω) and (b) decay
rate γep(ω) of the electron-hole pairs due to coupling with
phonon as a function of frequency and temperature. The
energy windows of acoustic and optical phonons are high-
lighted with light orange and orange areas, respectively. (c)
Temperature dependence of γep(ωpl) when plasmon energy
is ωpl = 110 meV (blue line). The contributions coming from
acoustic and optical phonons are shown with light orange and
orange lines. The experimentally determined plasmon decay
rate for graphene encapsulated in hexagonal boron nitride
(green circles) is shown for comparison [20]. The correspond-
ing decay rate without the influence of the boron nitride is
shown with blue circles.
quantities are computed by using density functional and
denstiy functional perturbation theories [38, 39] as in
Refs. [24, 31, 40] (see SI for computational details). The
Fermi energy is here chosen to be εF = 300 meV for the
sake of comparison with the experiment [20] (the rest of
the results are for εF = −250 meV as mentioned ear-
lier). For plasmon energies, i.e., ω = ωpl, the quanti-
ties 1 + λep(ωpl) and γep(ωpl) are equivalent to the plas-
mon energy renormalization and plasmon decay rate due
to coupling with phonons [24]. The results show that
the plasmon energy is insignificantly renormalized due
to electron-phonon coupling, with very small tempera-
ture modifications. The corresponding plasmon broad-
ening is as well small (especially for ωpl < 0.16 eV, where
electrons mostly couple to AP) but notable. For the tem-
perature range presented here, the temperature-induced
change in plasmon broadening is more pronounced for the
lower energies since AP are more easily excited with tem-
perature than the high-energy OP (i.e., ωOP  kBT ).
Figure 2(c) shows the temperature dependence of the
plasmon decay rate when ωpl = 110 meV. The results
are in very good agreement with the decay rate ex-
tracted from the recent experiment done on high-mobility
graphene [20]. Further analysis demonstrates that the
decay rate of the equilibrium graphene plasmon and its
temperature dependence predominantly comes from cou-
pling with AP, in agreement with the previous stud-
ies [19, 20, 23].
I turn now to the study of the nonequilibrium condi-
tion, i.e., of the ultrafast electron dynamics in graphene.
In order to simulate the laser-induced electron dynamics
3I utilize the three temperature model [29] with ab ini-
tio input parameters (see Ref. [30] and SI for more de-
tails). Within this model, the temperature of graphene
is divided among three subsystems, i.e., electron tem-
perature (Te), temperature of the strongly coupled OP
(TOP), and the remnant temperature that mostly be-
longs to AP (TAP). The energy flow between electron
and phonon degrees of freedom is then dictated by the
electron-phonon coupling [27], while the thermalization
between two phonon subsystems goes via anharmonic
coupling. The resultant time evolution of these temper-
atures is shown in Fig. 3(a), where the laser with flu-
ence of F = 8 J/m2 excites the system at time delay
td = 0. Right after the laser excitation, the electron
temperature Te abruptly increases up to almost 3000 K
and subsequently decays due to coupling with OP, in
good agreement with the experiment [2]. Consequently,
the temperature of the strongly coupled OP elevates
above 1000 K, while the AP remain almost at the same
temperature. Since the energy exchange rate between
phonon and electron baths is proportional to λ
〈
ω2
〉
/Cph
(where λ is the electron-phonon coupling strength,
〈
ω2
〉
is the second moment of the phonon spectrum, and
Cph is the heat capacity of the relevant phonon sub-
system) [27], the obtained dramatic difference between
the OP and AP temperatures comes not only because
the OP are coupled more strongly to the electrons than
the AP (λOP
〈
ω2
〉
OP
> λAP
〈
ω2
〉
AP
), but also because
the strongly coupled OP subsystem consist of only very
few modes around Γ and K points of the Brillouin zone
[see Fig. 1(b)] and thus COP  CAP. Such laser-induced
hot OP scenario was already discussed in various spec-
troscopy studies [1, 3, 6].
Figure 3(b) shows the ensuing charge density modifica-
tions δn as a function of time delay. As laser excites the
system, electron-hole pair concentration increases both
in intraband (electron and hole are in the same band)
and interband (electron and hole are in different bands)
channels. In fact, for the lightly-doped graphene with
εF = −250 meV it turns out that δnintra  δninter. The
laser-induced changes of the electron-phonon coupling
are shown in Figs. 3(c) and 3(d). In particular, time-
dependant modifications of the electron-phonon decay
rate δγep and energy renormalization parameter 1 + λep
are depicted for three different excitation energies ω.
Since 1 + λep is already small for the equilibrium situ-
ation, it is not surprising that 1 + λep experiences only
minor changes as a function of pump-probe time delay
and excitation energy. One can also note that laser exci-
tation reduces the energy renormalization parameter as
a function of time. On the other hand, for the same laser
conditions, the photoinduced decay rate modifications
δγep are relatively high [i.e., δγep  γep(T = 300 K)]
and actually follow the variations of both Te and TOP
(see the discussion below). Also, the overall intensity
of δγep over time is bigger for smaller excitation energies
(i.e., for ω = 0.1 eV and 0.2 eV, compared to ω = 0.4 eV).
This is because for ω . 0.2 eV the equilibrium value of
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FIG. 3. (a) Time evolution of electron temperature Te, tem-
perature of the strongly coupled optical phonons TOP, and
temperature of the remnant phonon, mostly acoustic, modes
TAP. The laser with the fluence of 8 J/m
2 excites the system
at the zero delay time. The extracted experimental results
for Te [2] are shown with blue circles. (b) The corresponding
photoinduced charge density modifications for intraband and
interband channels. Time dependence of (c) electron-phonon
decay rate changes δγep and (d) energy renormalization pa-
rameter 1 + λep for three different values of excitation energy
ω. (e) Transient optical absorption σ1(ω) for three different
values of time delay. Inset: The corresponding low-energy
part (Drude peak). (f) Time evolution of photoconductivity
∆σ1(ω) for excitation energies below, around, and above the
interband threshold 2|εF |.
γep is small and includes mostly the contributions from
the weakly-coupled AP modes, while when both Te and
TOP are elevated the probability of scattering on the OP,
which are strongly coupled to electrons, increases signif-
icantly. A more rapid increase of electron-OP scattering
probability when T & 300 K can, for example, be seen
in Fig. 2(c). However, when ω  0.2 eV the probability
of scattering on the OP is less altered for the present
laser conditions, since ω > Te, TOP. Therefore, the rela-
tive modification of damping rate is less pronounced for
ω  0.2 eV compared to ω . 0.2 eV.
The time dynamics of charge density and decay rate
are relevant for comprehending the transient optical ab-
sorption, i.e., photoconductivity, as well as the relax-
ation mechanisms of nonequilibrium plasmons. Fig-
ure 3(e) depicts the time evolution of optical absorp-
tion σ1(ω) (i.e., the real part of optical conductivity
σ) up to 0.7 eV (see SI for the corresponding method-
ology). The observed modifications are due to photoin-
duced variations of Te, and also due to changes in decay
rate δγep (note that σ1(0) ∝ n/γep and σ1(ω > 0) ∝
nγep/(ω
2+γ2ep) [24, 35, 37]). In particular, the low-energy
part of σ1(ω) decreases significantly around td = 0 due to
changes in δγep and then it starts to increase back to its
equilibrium value [see the inset in Fig 3(e)]. Contrary, for
higher excitation energies up to around interband thresh-
old 2|εF | the photoinduced modifications of σ1(ω) are
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FIG. 4. Modifications of plasmon (a) energy δωpl and
(b) linewidth δγpl as well as (c) the corresponding spectral
function S(q, ω) as a function of pump-probe time delay td
when the plasmon wavevector is q = 3.4 · 10−4 a.u. Dif-
ferent contributions to δωpl and δγpl are shown: intraband
+ interband excitations (blue), intraband excitations with
the full electron-phonon coupling (orange), intraband excita-
tions without changes in Drude weight δn = 0 (green), intra-
band excitations when δn = 0 and without electron-acoustic
phonon (AP) scattering (purple), and intraband excitations
when δn = 0, without AP, and without electron temperature
Te contribution to electron-optical phonon (OP) scattering
rate (black). (d)-(f) Same as in (a)-(c) but for larger plas-
mon wavevector, i.e., q = 6.3 · 10−3 a.u. Note the different
spectral-intensity and energy scales in (c) and (f) panels
first increasing and then decreasing. The time evolution
of photoconductivity ∆σ1 below, around, and above in-
terband threshold 2|εF | is also depicted in Fig. 3(f). In all
these three energy regimes, the photoconductivity ∆σ1
shows different time behaviour, which is simply due to
modifications of the interband onset when Te is altered.
Note that the experimentally observed negative and
positive values of graphene photoconductivity over dif-
ferent values of ω are widely discussed and analyzed in
literature [6–13]. Here the focus is more on the ultrafast
plasmons and the corresponding dynamics in different
energy regimes. The time modulations of graphene plas-
mon properties (e.g., energy loss and Drude weight) un-
der optical pumping were in fact discussed recently [41–
45], however, the detailed ab-initio study on the corre-
sponding plasmon loss channels is still lacking.
Figures 4(a)-(c) and 4(d)-(f) show the variations in
the plasmon energy δωpl, plasmon linewidth δγpl, and
the spectral function S(q, ω) as a function of time de-
lay td for two different values of wavevector q, i.e., for
two different energy regimes (note that ωpl ∝ √q). For
the corresponding computational methods see SI. The
obtained time dynamics of the photoinduced graphene
plasmon is in good agreement with the experimental ob-
servations [21, 22]. Namely, the results show that the
graphene plasmon is blueshifted and broadened upon the
laser excitation. Also, δωpl and δγpl are notably more
pronounced for larger plasmon energies ωpl (larger wavec-
tors q). In order to understand these transient features
of graphene plasmon, it is necessary to dissect different
contributions to ωpl and γpl. First of all, note that in
general both intraband and interband excitations deter-
mine the total value of plasmon energy. Here, the laser-
induced modifications of plasmon energy predominantly
come from the increase of electron-hole pair concentra-
tions in the intraband channel nintra [see Figs. 4(a) and
4(d)]. In other words, laser elevates Te, i.e., increases
the number of thermally excited electrons in the intra-
band channel [see also Fig. 3(b)], which in turn increases
the Drude weight and thus the plasmon energy [21, 22].
As already discussed above, the renormalization of the
plasmon energy due to electron-phonon coupling is in-
significant [see also Fig. 3(d)].
The processes underlying the plasmon decay rate δγpl
as a function of time delay are a bit more complex
than the processes ruling δωpl. For plasmon energies
ωpl ≈ 0.1 eV, it turns out that the increase of the plas-
mon broadening δγpl is entirely ruled by electron-phonon
coupling. What is intriguing and actually at odds with
the previous assumptions [22], is that the photoinduced
plasmon decays mostly due to scatterings with the OP
modes [cf. green and purple dashed lines in Fig. 4(b)].
This is also in contrast with the decay mechanisms of
the equilibrium plasmon, for which the scattering with
the AP modes is the main loss channel [see Fig. 2(c)].
The present analysis also shows that part of the electron-
OP scattering contribution to the δγpl is induced by the
elevated Te and part by the elevated TOP [cf. purple and
black dashed lines in Fig. 4(b)]. Namely, the laser heats
the electrons (i.e., elevates Te), which in turn increases
the electron phase space for the electron-OP scattering,
especially when Te > ωOP. In addition, hot electrons
transfer the excess energy to the strongly-coupled OP,
i.e., TOP rises substantially, which increases the number
of thermally excited OP and therefore increases δγpl. All
in all, the results show that the plasmon-OP scattering
is behind the experimentally-observed plasmon broaden-
ing under non-equilibrium conditions. The coupling with
the OP modes is generally much more stronger than with
the AP modes. However, for equilibrium case the energy
conservation condition ωpl & ωOP must be met in or-
der to activate this strong coupling. On the other hand,
under the strong laser excitations, this energy conser-
vation condition loosens up considerably and graphene
plasmons with energy ωpl < ωOP couple strongly with
the hot OP modes. When the plasmon energy is more
closer to the interband threshold 2|εF |, i.e., ωpl ≈ 0.2 eV
5[see Fig. 4(f)], the decay is mostly due to the Landau
damping (electron-hole pair interband excitations) [46],
which increases with Te [see Figs. 3(e) and 3(f)].
Temporal dynamics of non-equilibrium plasmon un-
der intense laser excitation was explored in lightly-
doped graphene by means of density functional and den-
sity functional perturbation theories. By considering
plasmon-phonon coupling, decay rates of graphene Dirac
plasmon were studied under both equilibrium (i.e., elec-
tron and nuclear degrees of freedom are thermalized) and
ultrafast (i.e., electrons and phonons are thermally ex-
cited and have disparate energies) conditions. Due to
available phase space and energy constraints, equilib-
rium plasmon with energy ∼ 0.1 eV and at ambient tem-
perature is mostly damped due to scatterings with the
acoustic phonon modes. Interestingly, the photoinduced
non-equilibrium graphene plasmon is, on the other hand,
underlain by completely different damping mechanism.
Namely, the pump laser pulse increases the population of
hot electrons, which in turn transfers the large portion of
energy to the strongly coupled optical phonons, creating
hot optical-phonon bath. Under such out-of-equilibrium
condition phase space for electron scatterings and popu-
lation of optical phonon modes are increased, as well as
the energy constraints are loosened. Consequently, the
broadening of the non-equlibrium plasmon is increased
immediately after the laser excitation, mostly due to cou-
pling with the hot optical phonons. The corresponding
strong plasmon energy renormalization is explained in
terms of photoinduced Drude weight increase. For ener-
gies ∼ 0.2 eV damping pathways of non-equilibrium plas-
mon are again different and are due to photoinduced in-
terband excitations (Landau damping). Present study
might also help elucidate energy-transfer mechanisms
under optical pumping in novel quasi-two-dimensional
materials that support collective plasmon modes, like
metallic transition metal dichalcogenides [47, 48], topo-
logical insulators [32, 33], borophene [49], or layered elec-
trides [50, 51].
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